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ABSTRACT It is not understood why only some infections with Entamoeba histolytica result in disease. The calcium-regulated
transcriptionfactorupstreamregulatoryelement3-bindingprotein(URE3-BP)wasinitiallyidentiﬁedbyvirtueofitsrolein
regulatingtheexpressionoftwoamebicvirulencegenes,theGal/GalNaclectinandferredoxin.Herewetestedwhetherthistran-
scription factor has a broader role in regulating virulence. A comparison of in vivo to in vitro parasite gene expression demon-
strated that 39% of in vivo regulated transcripts contained the URE3 motif recognized by URE3-BP, compared to 23% of all pro-
moters(P<0.0001).AmebaeinducedtoexpressadominantpositivemutantformofURE3-BPhadanincreaseinanelongated
morphology(30% 6%versus14%5%;P0.001),a2-foldcompetitiveadvantageatinvadingtheintestinalepithelium(P
0.017),anda3-foldincreaseinliverabscesssize(0.1 0.1gversus0.0360.1g;P0.03).Theseresultssupportarolefor
URE3-BPinvirulenceregulation.
IMPORTANCE Amebic dysentery and liver abscess are caused by Entamoeba histolytica. Amebae colonize the colon and cause dis-
ease by invading the intestinal epithelium. However, only one in ﬁve E. histolytica infections leads to disease. The factors that
governthetransitionfromcolonizationtoinvasionarenotunderstood.Thetranscriptionfactorupstreamregulatoryelement
3-binding protein (URE3-BP) is a calcium-responding regulator of the E. histolytica Gal/GalNAc lectin and ferredoxin genes,
bothimplicatedinvirulence.HerewediscoveredthatinducibleexpressionofURE3-BPchangedtrophozoitemorphologyand
promotedparasiteinvasioninthecolonandliver.Theseresultsindicatethatonedeterminantofvirulenceistranscriptional
regulationbyURE3-BP.
Received 23 February 2010 Accepted 1 March 2010 Published 18 May 2010
Citation Gilchrist, C. A., E. S. Moore, Y. Zhang, C. B. Bousquet, J. A. Lannigan, et al. 2010. Regulation of virulence of Entamoeba histolytica by the URE3-BP transcription factor.
mBio 1(1):e00057-10. doi:10.1128/mBio.00057-10.
Editor John Boothroyd, Stanford University
Copyright © 2010 Gilchrist et al. This is an open-access article distributed under the terms of the Creative Commons Attribution-Noncommercial-Share Alike 3.0 Unported
License, which permits unrestricted noncommercial use, distribution, and reproduction in any medium, provided the original author and source are credited.
Address correspondence to William A. Petri, Jr., wap3g@virginia.edu.
E
ntamoeba histolytica, the causative agent of amebiasis, is prev-
alentinareasofpoorsanitation(1).Forexample,aprospective
studyofchildreninanurbansluminDhaka,Bangladesh,detected
E. histolytica at least once in 80% of the children (1). Disease only
occurs in ~20% of infections, but an asymptomatic infection can
develop into invasive disease (2, 3). Symptomatic infection can
manifestitselfasamebicdysentery,wheretrophozoitesinvadethe
intestinal wall, or as a liver abscess, which occurs, on average,
3 months after travel to an area of endemicity (2). The variable
outcomeofinfectionandthelatencyperiodbetweencolonization
and disease suggest that adaption of the parasite to the host via
altered gene expression could contribute to the virulent pheno-
type (2).
The DNA transcription element upstream regulatory element
3 (URE3) was originally identiﬁed as a positive regulatory se-
quence by linker-scanner mutagenesis of the promoter of the
E.histolyticaGal/GalNAclectingenehgl5(4).TheUREmotifwas
also found in the ferredoxin 1 gene promoter; however, mutation
of the URE3 motif within the ferredoxin 1 gene promoter pro-
duced a 2-fold drop in gene expression, indicating that URE3
could be either a positive or a negative regulator of gene expres-
sion(5).TheURE3consensusmotifwasdeﬁnedusinganelectro-
phoretic mobility shift assay to measure the binding afﬁnity of a
mutated URE3 motif for proteins isolated from the E. histolytica
nucleus. The consensus motif was, in turn, validated by the use of
gene reporter assays (6).
The transcription factor speciﬁc for the URE3 motif, URE3-
BP,wasidentiﬁedinayeastone-hybridscreenusingURE3asbait
(7). URE3-BP contains two calcium-binding motifs (EF hands),
and in the presence of calcium, URE3-BP dissociates from DNA
containing the URE3 motif (8). Increased levels of calcium inhib-
itedURE3-BPbindingtoDNAandpromoteditsinteractionwith
the E. histolytica C2A (EhC2A) phospholipid binding protein and
the sequestration of URE3-BP to the amebic plasma membrane
(9).MutationinoneoftheURE3-BPEFhandmotifsresultedina
dominant positive mutant protein that remained bound to the
URE3 motif in the presence of an intracellular [Ca2] signal. To
empirically deﬁne additional genes regulated by URE3-BP, this
URE3-BP EF hand mutant was expressed in E. histolytica tropho-
zoites using an inducible promoter system. This altered the tran-
script level of 50 genes and trophozoite motility (6, 10).
ToinvestigatetheimpactofURE3-BPregulationonvirulence,
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genes speciﬁcally induced during in vivo infection was measured
bymicroarrays.Inaddition,theeffectofinducibleexpressionofa
dominant positive mutant form of URE3-BP on parasite mor-
phology and virulence was tested.
RESULTS
Enrichment of the URE3 cis-acting sequence in promoters ex-
pressedinvivo.Agenome-widetranscriptionalanalysisofE.his-
tolytica was previously performed on trophozoites isolated from
the ceca of three mice 1 day after infection and from an in vitro
culture (11). These data were reanalyzed using updated annota-
tion of the E. histolytica genome. The promoters of transcripts
modulated in amebae from the cecum 1 day after infection were
analyzedforthepresenceorabsenceoftheURE3consensusmotif
(6) as described in Materials and Methods. Consistent with
URE3-BP being a regulator of virulence, the URE3 motif was ob-
served in the promoters of 39% of in vivo modulated genes. This
was a statistically signiﬁcant increase over the incidence of the
URE motif (23%) in all E. histolytica promoters (Table 1) (two-
sided P value, 0.0001). For details of transcripts changed over
4-fold, see Table S1 in the supplemental material. Promoters of
the URE3-associated transcripts modulated both in vivo and by
overexpression of dominant positive URE3-BP contained not only
theURE3consensus(T[ATG]T[TC][CG]T[AT][TGC][TG])but
also an additional novel motif [CA]GATG[TA]T[TC][AG][AG]
(see Table S1 in the supplemental material).
Inducible expression of constitutively active URE3-BP al-
tered trophozoite morphology. Microarray analysis of amebae
expressingthedominantpositivemutantformofURE3-BPiden-
tiﬁed 50 modulated transcripts. Fifteen of these transcripts en-
coded potential membrane proteins, which suggested that
URE3-BPhadaroleinmodulatingthesurfacecompositionofthe
parasite (6). Host-parasite interactions are key during invasive
diseaseandinvolvesuchvirulenceactivitiesascontact-dependent
cytolysis, phagocytosis of cells, and motility (12, 13).
One measure of alterations in surface composition is changes
in cell morphology. The morphological impact of URE3-BP was
measured in trophozoites expressing dominant positive URE3-
BP. The Amnis Imagestream cytometer was used to compare tro-
phozoitesexpressingdominantpositiveURE3-BP[pEF(2)URE3-
BP] with those of the equivalent control strain (induced pSTOP)
(Fig. 1 and 2.) A two-dimensional bright-ﬁeld image of the three-
dimensional ameba was analyzed (Fig. 1A). To minimize the ef-
fectsoftheorientationoftheamebaeinﬂow,extended-depth-of-
ﬁeld imaging was used. The IDEAS program was used to identify
TABLE 1 Enrichment of the URE3 consensus motif in transcripts changed 2-fold in vivoa
Parameter
No. of promoters containing
a URE3 matrix 375 to 25
bases 5= of ATG start
No. of promoters
without a URE3 matrix
Total no. (%) of
promoters analyzed P value
No. of promoters of transcripts modulated in luminal amebae 54 85 139 (39) 0.0001
No. of promoters of unchanged E. histolytica transcripts 1,931 6,452 8,383 (23)
Total no. (%) of promoters analyzed 1,985 (2.7) 6,537 (1.3) 8,522 (100)
aA contingency table 2 test was used to compare the occurrences of the URE3 motif in transcripts signiﬁcantly modulated by at least 2-fold at day 1 in vivo. These were identiﬁed
by the use of the Linear Model for Microarray Data, and the false-discovery rate was corrected by the use of the Benjamini and Hochberg equation as described in Materials and
Methods. Promoters were deﬁned as the region from 375 bp to 25 bp 5= of the initiating ATG of the structural gene. Background motif levels in E. histolytica promoters were
determined as previously described (6).
FIG 1 Measurement of amebic morphology. The Amnis Imagestream imaging cytometer was used to measure the morphology of ﬁxed amebic trophozoites.
(A) Bright-ﬁeld image of an elongated trophozoite. (B) The pixels which constituted the bright-ﬁeld image of the trophozoites (MASK). From the mask, the
computationalfeaturesofareaandcircularmorphologywerederived.Ahighcircularityscoreresultedfromaninternallyconsistentmeasurementofcellradius.
Representative images show trophozoites characterized and “tagged” as either circular (C) or elongated (D).
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cularity of the image (Fig. 1B to D). To achieve the latter goal, the
IDEAS software repeatedly measured cell radius; a high “circular-
ity score” resulted from an internally consistent measurement.
Theautomatedprocessalloweddetailedinformationoncellmor-
phologytobegatheredatthepopulationlevel.Todeﬁnetheame-
bicshape,twodifferentfunctionswereused:trophozoiteareaand
circularmorphology(Fig.2AandB).Anarbitrarygatewasdrawn
to capture the most elongated amebae. Transfectants that ex-
pressed dominant positive URE3-BP had a statistically signiﬁcant
2-fold increase in the number of trophozoites with an elongated
phenotype [30%  6% elongated in pEF(2)URE3-BP versus 14%
 5% in pSTOP; n  5, P  0.0014] (Fig. 2C). The elongated
phenotype could reﬂect surface changes related to motility and
chemotaxis.InductionofURE3-BPhadpreviouslybeenshownto
increasetranswellmigration,suggestingapossibleroleinthereg-
ulation of cellular motility (6).
ExpressionofdominantpositiveURE3-BPconferredacom-
petitive advantage at the host tissue interface in the murine
model of amebic colitis. To test whether the expression of dom-
inant positive URE3-BP conferred a competitive advantage in es-
tablishinganinvasiveinfection,CBA/Jmicewereinfectedintrace-
cally with a 1:1 ratio of amebae induced to express dominant
positive URE3-BP to the control pSTOP strain. We ﬁrst estab-
lished that we were able to distinguish dominant positive
URE3-BPtranscriptsfromtheinducedcontrolpSTOPplasmidin
mRNA isolated from the initial mixed inocula (Fig. 3). Lower
levels of control mRNA transcribed from pSTOP were consis-
tentlyobservedinvitro,asshowninFig.3B,presumablyduetothe
reduced stability of the untranslated transcripts, and veriﬁed in
vivo the inducible expression of the URE3-BP transcript 7 days
after infection (data not shown). We compared the ratios of ame-
bic transfectants isolated from the intestinal lumen and the epi-
thelium. Amebae were considered luminal if they were isolated
from the cecal contents and tissue associated if they were isolated
from the mucosa removed from the luminal surface of the cecum
by scraping. Mice were sacriﬁced 3 weeks after infection. Primer
speciﬁcity allowed quantitative PCR (qPCR) to be used as a sur-
rogatemarkerfortheproportionoftheamebicpopulationcarry-
ing the dominant URE3-BP expression construct. The ratio of
infecting amebae determined by qPCR was used to correct the
qPCR ratio of amebae isolated from three different infected mice
(Fig. 3). Comparisons of uninduced amebae showed no statisti-
cally signiﬁcant difference. In the induced amebae, the ratio of
dominant positive URE3-BP to the induced pSTOP transfectant
control doubled in the tissue-associated amebae but not in the
amebae isolated from the cecal lumen (2.4  0.3 versus 1.3  0.4;
unpaired t test P  0.017, paired t test P  0.0071) (Fig. 4). Ame-
bae expressing the dominant positive URE3-BP protein were
therefore more effective at associating with the host epithelium,
indicatingagreaterpotentialforestablishinganinvasiveinfection
within the gut.
Induction of URE3-BP-dependent gene expression in-
creased liver abscess size in the gerbil liver abscess model of
amebiasis. To examine the effects of overexpression of URE3-BP
ontheabilitytoformamebicliverabscesses,experimentalorcon-
trol pSTOP transfectants induced as described in Materials and
Methods were alternately injected into either the right or the left
anterior lobe of a gerbil liver. To verify the experimental design,
theidentityofthetrophozoitestraininitiatinganabscesswascon-
ﬁrmed by isolation of amebae from the affected site and subse-
quently by qPCR. Seven days postinfection, the gerbils were sac-
riﬁced and liver abscess weights were measured.
Infection with URE3-BP-expressing amebae produced liver
abscesses in 69% of the gerbils versus 31% with the induced
pSTOP transfectant control strain, which was not a statistically
signiﬁcant difference (P  0.07) (Fig. 5A). The average abscess
produced by infection with the URE3-BP transfectants was three
times larger than that produced by infection with the induced
pSTOPtransfectantcontrols(0.10.1gversus0.0360.1g;n
16). Because the distribution of liver abscess size was not Gauss-
ian, statistical signiﬁcance was determined by the Wilcoxon
matched-pair signed-rank test (P  0.0342) and the unpaired
Mann-Whitney test (P  0.02) (Fig. 5B). The capacity of URE3-
FIG 2 Amebae expressing constitutively active URE3-BP exhibited an elongated trophozoite morphology. A representative graph is shown with the output of
the circular morphology feature (y axis) and trophozoite area (x axis). (A) Trophozoites expressing dominant positive URE3-BP. (B) Induced control pSTOP
transfectants. There was a statistically signiﬁcant increase in the number of elongated amebae detected in trophozoites expressing dominant positive URE3-BP
(2Pvalue,0.0001).(C)Graphofaveragedataderivedfromexperimentson2separatedays.Theyaxisindicatesthepercentageofelongatedamebae,andthe
x axis shows the plasmid carried (n  5; P  0.0014; standard errors are shown).
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scesssizesupportedaroleforURE3-BPinregulatingthevirulence
potential of the parasite.
DISCUSSION
TheimportantconclusionofthisworkisthatURE3-BPhasarole
in the regulation of virulence. Amebae expressing the dominant
positive mutant form of URE3-BP were more virulent in two dif-
ferentanimalmodelsofamebiasis.Anincreaseinliverabscesssize
resulted when trophozoites expressing dominant positive
URE3-BP were injected into the gerbil liver (Fig. 5). In the mouse
modelofamebiccolitis,acompetitiveadvantageatthehosttissue
interface was conferred upon amebae expressing the dominant
positive URE3-BP protein (Fig. 4). URE3-BP therefore promoted
the expression of the E. histolytica virulence phenotype.
Distinct patterns of E. histolytica gene expression have been
observed under a variety of experimental conditions (14–17). A
comparison of the transcripts expressed during in vitro culture
trophozoite mRNA levels one day after infection in the mouse
model of amebiasis identiﬁed changes in parasite gene expression
(11). Consistent with a role for URE3-BP in virulence, a statisti-
cally signiﬁcant enrichment of the URE3 motif was observed in
the promoters of in vivo (Table 1) (17).
URE3-BP activity is controlled not only by direct calcium
bindingbutalsobymembranesequestrationduetotheformation
of a calcium-dependent complex with the phospholipid binding
protein EhC2A (9). It is interesting to speculate whether a signal-
ingdefectispresentintheavirulentE.histolytica“A”strain,where
EhC2A was overexpressed 1,000-fold (18). A rise in either EhC2A
levels or intracellular Ca2 should decrease motility, as the dom-
inant positive URE3-BP protein increased trophozoite chemo-
taxis (6, 19). Our data support the hypothesis that URE3-BP and
EhC2A are key participants in a calcium-signaling pathway that
regulates virulence.
Intheswitchbetweenasymptomaticcolonizationandinvasive
disease, the regulation of trophozoite motility may be crucial.
During invasive amebiasis, amebae are in close contact with both
theﬁbronectin-richbasalmembraneandtheepithelialcellsofthe
gastrointestinal tract. Changes at the level of transcription or
translationoftenoccurinresponsetoenvironmentalcues,suchas
contact with epithelial cells. Only motile amebae are able to cause
disease in the liver abscess animal model (20). In the ex vivo hu-
man model of Bansal et al., motile E. histolytica invaded through
the gut and penetrated the lamina propria (12).
In response to chemoattractants, neutrophils adopt a highly
polarized morphology, the inhibition of which impairs motility
and hence their capacity to invade injured host tissue (21). Stim-
ulation with chemoattractants causes polymerization and reorga-
nization of actin; this has been correlated with the extension of
newpseudopodsduringchemotaxis.Formationofaleadingfront
and acquisition of polarity in Dictyostelium are coordinated by
secondary messengers, such as Ca2 (22). Ameboid chemotaxis
obviously requires polarization; however, even in the absence of
chemoattractants, neutrophils remain highly polarized and it is
FIG3 qRT-PCRmeasurementofinvitroexpressionlevelsandveriﬁcationofprimerspeciﬁcity.qRT-PCRwasconductedontheURE3-BPmRNAs.Theyaxis
indicates double-stranded DNA-dependent SYBR green 1 ﬂuorescence at 530 nm. The x axis represents the PCR cycle number. (A) Primers speciﬁc for the
dominant positive URE3-BP expression plasmid. (B) Primers speciﬁc for the control transcript of the induced pSTOP transfectant. , RNA isolated from
dominantpositiveURE3-BP;e,inducedpSTOPtransfectantcontrol;,background.LowercontrolmRNAlevelswereconsistentlyobservedinvitro,asshown
in panel B, presumably due to the reduced stability of the untranslated transcript.
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phil chemotactic response (22). The URE3-BP-mediated change
in the equilibrium of elongated versus round trophozoite shapes
may reﬂect an increase in the number of trophozoites adopting a
similar polarized morphology and be correlated with the propor-
tion of amebae actively motile and extending lamellipodia.
The refashioning of cell shape in response to an upstream sig-
nalincellstypicallyinvolvesmanyproteinswithfunctionsinactin
binding,adhesion(suchasintegrins),andcellsignaling(23).Sev-
eral potential glycosylphosphatidylinositol-anchored cell surface
proteinsarerepressedbydominantpositiveURE3-BP.Itispossi-
ble that they could act in a manner similar to that of the
glycosylphosphatidylinositol-anchored cell surface glycoprotein
CEA. This expression of this protein leads to an increase in cell
adhesion mediated via the 51 integrin interaction with ﬁ-
bronectin(24).Therefore,changesinproteinexpressioninitiated
by the URE3-BP transcription factor could lead to remodeling of
the cell surface, repression of cell adhesion, and hence possibly an
increase in motility (Fig. 2) (14).
Further studies are required to understand the particular con-
tribution of URE3-BP-regulated proteins to this complex process
and their contribution to trophozoite virulence in different host
milieux.Fromthiswork,however,itisclearthatURE3-BPcontrol
plays an important role in these processes.
MATERIALS AND METHODS
Strain and culture. E. histolytica strain HM1:IMSS trophozoites were
grownat37°CinTYI-S-33mediumcontainingpenicillin(100U/ml)and
streptomycin (100 g/ml) (Gibco/BRL) (25).
StabletransfectionofE.histolyticatrophozoites.Stabletransfection
of E. histolytica trophozoites was achieved by the previously described
lipofection technique (26, 27). Brieﬂy, amebae (2.2  105/ml) were
washed in medium 199 (Invitrogen, CA) supplemented with 5.7 mM
cysteine,1mMascorbicacid,25mMHEPES(pH6.8),10gofDNA,and
30 l of Superfect (Qiagen). Treated amebae were incubated for3ha t
37°C, followed by overnight culture in TYI-S-33 medium at 37°C.
The two-plasmid inducible system and the vectors used in this study
aredescribedinreferences6and10.Brieﬂy,DNAencodingamyc-tagged
dominant positive mutant form of URE3-BP was ligated into a
tetracycline-induciblevectortocreatepEF(2)URE3-BP.Thecontrolplas-
mid, pSTOP, derived from pEF(2)mutURE3-BP, has two stop codons
FIG4 CompetitiveadvantageinintestinalinvasionconferredbytheexpressionofdominantpositiveURE3-BPinthemurinemodelofamebiccolitis.CBAmice
wereinfectedintracecallywitha1:1ratioofamebaeinducedtoexpressdominantpositiveURE3-BPtothecontrolinducedpSTOPstrain(A)orwithuninduced
amebae (B). Mice were sacriﬁced 3 weeks after infection, and the ratios of dominant positive URE3-BP to the control pSTOP strain were determined by qPCR
forboththetissue-associatedandluminalamebae(n3).Valueswerecorrectedbytheinputdata,andstatisticalsigniﬁcancewasdeterminedusingapairedttest
(P  0.007).
FIG 5 Increase in liver abscess size following infection with amebae express-
ing dominant positive URE3-BP. (A) Infected liver abscess from amebae ex-
pressingthedominantpositiveURE3-BPproteininjectedintotherightlobeof
the liver (black arrow) and abscess from the control induced pSTOP transfec-
tants injected in the left liver lobe (white arrow). (B) Effect of induction of
dominantpositiveURE3-BPonabscesssize(n16;statisticalsigniﬁcance[P
 0.0342] was determined using the Wilcoxon matched-pair signed-rank
test). The use of the unpaired Mann-Whitney test also gave statistical signiﬁ-
cance (P  0.019).
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fected amebae were selected for either hygromycin alone (Tet-Repressor
expression plasmid; 15 g/ml) or G418 (6 g/ml) and hygromycin (Tet-
Repressor expression plasmid and the inducible expression construct).
qRT-PCR.OnemilliliterofTrizol(Invitrogen)wasaddedtoapelletof
2106amebae,andaninitialRNAisolationwasperformedaccordingto
themanufacturer’sdirections.RNAgreaterthan200nucleotidesinlength
was separated from the total RNA by the use of the RNeasy protocol
(Qiagen). RNA was isolated from at least two independent cultures. Re-
verse transcription using the Superscript II enzyme (Invitrogen) was fol-
lowed by quantitative real-time PCR (qRT-PCR) to conﬁrm the induc-
tionoftherecombinantmRNAusingaforwardprimerspeciﬁctothemyc
tag (ATTTCAGAAGAAGATTAATGC) and a construct-speciﬁc reverse
primer (expression plasmid, CTGATGGTGGCATTTGA; induced
pSTOP transfectant control, TAACTGATGTTAGCTATTGT). The
cDNAwassubjectedto40ampliﬁcationcyclesof94°Cfor30s,annealing
at 61.8°C for 30 s, and extension at 72°C for 30 s. Triton X-100 (0.15%)
was added to the PCR mixture to improve the ampliﬁcation efﬁciency of
the HotStar Taq reaction (Qiagen).
Murinemodelofamebiccolitis.MaleCBA/Jmice(TheJacksonLab-
oratory) were infected by luminal injection of 2  106 trophozoites into
the cecum, which was exposed by laparoscopic surgery as described by
Houpt et al. (28). After recovery from surgery, mice were given drinking
water containing 0.2 mg/ml doxycycline and 5% sucrose. mRNA isolated
fromthececumofaselectedmousewassubjectedtoqRT-PCRtoconﬁrm
tetO derepression. At 30 days postinjection, the mice were sacriﬁced and
amebae were collected either from the cecal contents (luminal) or by
scraping the mucosal surface three times with a razor blade (tissue prox-
imal). Grubbs’ test was used to identify signiﬁcant outlier values (Graph-
Pad Software QuickCalcs).
Gerbil model of amebic liver abscess formation. Amebic liver ab-
scesseswereinducedbythemethodofChadeeandMeerovitch(29).Ame-
bae (1  106) transfected with either the control plasmid pSTOP or the
plasmid expressing dominant positive URE3-BP were pretreated with
5 g/ml tetracycline for 14 to 20 h. Induced transfectants containing the
control plasmid pSTOP and the plasmid containing dominant positive
URE3-BP [pEF(2)mutURE3-BP] were inoculated into the same 50- to
60-day-old Mongolian male gerbils (Meriones unguiculatus). One trans-
fectant was injected into the right anterior lobe of the liver and the other
into the left lobe. The order in which the transfectants were injected was
reversed in half of the animals. After recovery from surgery, the gerbils
receiveddrinkingwatercontaining2mg/mldoxycycline.Thehighercon-
centration of doxycycline was required to maintain derepression of the
tetracycline repressor in these desert animals (30). Gerbils were sacriﬁced
7 days after challenge, livers were extracted, and abscess weights were
measured.
qPCR. Closed circular DNA was isolated from cecal contents by a
modiﬁcation of the methods of Pontes et al. and Sikorski et al. (31, 32).
Amebae were collected by a low-speed spin (900  g for 5 min), washed
withphosphate-bufferedsaline(PBS),andlysedbytheadditionof700l
Rapid One-Step Extraction buffer (10 mM Tris [pH 8.0], 300 mM EDTA
[pH 8.0], 1% sodium lauryl sulfate, 1% polyvinylpolypyrrolidone). The
lysate was heated to 95°C for 10 min, vortexed brieﬂy, and returned to
95°C for 10 min. The cell lysate was then centrifuged at 14,000  g for
10minatroomtemperature.Fivehundredmicrolitersofthesupernatant
wasthencollectedinaseparatetube,mixedwith50lofcold3Msodium
acetate(pH5.3,4°C)and1mlofcoldethanol(20°C),andimmediately
centrifugedat14,000gfor15min.Thesupernatantwasthendiscarded,
andthepelletwaswashedoncewith500lof70%ethanol(20°C),dried
under vacuum, and resuspended in 50 mM MOPS buffer (50 mM MOPS
[morpholinepropanesulfonicacid],750mMNaCl[pH7.5])togiveaﬁnal
volumeof0.75ml.ThesamplewasthenpuriﬁedusingtheZymoplasmid
puriﬁcationkit(Zymo,Inc.).TheelutedDNAwasthentwicepassedover
a Zymo-Spin IV-HRC ﬁltration column, and PCR was performed as de-
scribed above.
Analysisofamebicmorphology.Late-log-phaseE.histolyticatropho-
zoites were induced to express dominant positive URE3-BP with tetracy-
cline for 16 h in normal TYI medium, followed by a 4-h incubation in
serum-free medium. The induced control pSTOP transfectants were
treated identically. Cells were rinsed in situ with 20 mM HEPES sodium
salt (pH 7.2)–140 mM NaCl–5 mM EDTA–5 mM MgCl2 prewarmed at
37°C and ﬁxed with 4% paraformaldehyde in PBS for 30 min at room
temperature. Following ﬁxation, samples were washed and resuspended
in PBS and ﬁltered through a 70-m nylon cell strainer (BD Falcon).
Growtharrestwasconﬁrmedbynuclearstainingwitha1-minincubation
with4=,6-diamidino-2-phenylindole(33).TheAmnisImagestreamimag-
ing cytometer was used to collect at least 2,000 images of each sample
(Amnis Corporation). The ImageStream data exploration and analysis
softwarewasusedfordataanalysis.Spectralcompensationwasperformed
usingthedark-ﬁeldimage.Automatedquantitativeimageanalysisofeach
sample in an experiment used a common template to quantify the “elon-
gated” amebae using identical parameters for both control (induced
pSTOP transfectant) and experimental [induced pEF(2)mutURE3-BP,
transfectants which express dominant positive URE3-BP] samples. In
each template, gating was performed to generate a population of single,
in-focus images (usually yielding at least 1,000 images per sample), and
masking was used to identify trophozoite morphology. Within the tem-
plate,thesurfaceareaandcircularitymeasurementswereusedtoplotthe
sample, and tagging of the most morphologically changed amebae iden-
tiﬁed the noncircular population.
Reanalysis of microarray data and URE3-BP matrix detection. Pre-
viouslypublishedE.histolyticamicroarraydatasetsfrominvitro-cultured
amebae and amebae isolated from the cecal lumen 1 day after infection
weredownloadedfromtheNationalInstitutesofHealthGeneExpression
Omnibus (accession numbers: platform, GPL9693; data set, GSE8484)
(11, 34). The data were reanalyzed using the reannotated E. histolytica
genome (accession no. NZ_AAFB00000000; http://amoebadb.org/), the
newArrayDataAnalysisandManagementSystem(VirginiaBioinformat-
ics Institute; http://pathport.vbi.vt.edu/main/microarray-tool.php) (35),
and the Linear Model for Microarray Data, and the method of Benjamini
and Hochberg was used to determine the false discovery rate; q values of
less than 0.05 were considered signiﬁcant as previously described by Gil-
christ et al. (6, 36–39). The DNA Pattern Find program (http:
//bioinformatics.org/sms/) was used to locate the URE3 consensus motif.
The strategy employed allowed a one-base divergence from the canonical
TATTCTATTmotiftotheURE3consensusofT[ATG]T[TC][CG]T[AT-
][TGC][TG] in the putative promoters of URE3-BP responsive genes
(375 to 25 from the ATG start), as described by Gilchrist et al. (6).
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